Physicochemical and catalytic properties of sulphonic resins of various morphological types in ethyl t-butyl ether synthesis were studied. We have found that the turnover frequency (TOF) of sulphonated cation-exchange resins reflects the effect of morphology expressed in terms of fractal geometry. The correlation between the catalytic activity of various types of sulphonated resins and their fractal dimension was established. Difference in observed TOF of sulphonic resins of various morphological types is caused by various accessibilities of acid sites. Catalysts of more ordered structure (characterized by smaller fractal dimension) provide the best conditions for the adsorption-desorption of reactants and products resulting in large values of TOF.
INTRODUCTION
Sulphonated styrene-divinylbenzene co-polymers are well-known acid catalysts for the lowtemperature processes, especially for the synthesis of ethyl t-butyl ether (ETBE) from ethanol and isobutylene (Tanabe and Hoelderich 1999; Umar et al. 2009; Yee et al. 2013) .
C 2 H 5 OH + H 2 C=C(CH 3 ) 2 C 2 H 5 -O-C(CH 3 ) 3 (1)
The catalytically active sites of these materials are sulphonic groups (-SO 3 H), which are localized on the surface of polymer granules and inside their pores (Corain et al. 2001) . Because this localization has a significant effect on mass-transfer processes, the morphology of the material has a significant influence on the catalytic process. Recently, the fractal approach has been used for providing a quantitative description of catalyst morphology (Rothschild 1998) . Fractal geometry has been applied in different studies on porous solids, which is an appropriate tool to study problems related to surface heterogeneity (Avnir 1989 (Avnir , 1991 Rothschild 1991; Seri-Levy and Avnir 1991) . The fractal dimension D f of the surface can be determined directly from the results of several methods, including small-angle X-ray scattering, small-angle neutron scattering, mercury porosimetry, atomic force microscopy (AFM), scanning electron microscopy and others. A surface is considered smooth if D f = 2. If 2 < D f < 3, then the surface behaves as a fractal-like object. If the surface is ideally irregular, D f approaches 3, when a volume filling takes place (Rozwadowski et al. 2002 ).
An important factor determining the catalytic activity of sulphonated resins is the accessibility of acid sites to the reactants. The structure of commercial sulphonated resins is either gel-type (KU-2-8) or porous (Amberlyst 15). Most acid sites in gel-type resins are accessible only after the swelling of the catalyst in a polar medium; by contrast, the acid groups of macroreticular resins are accessible even in dry form. N.V. Vlasenko et al./Adsorption Science & Technology Vol. 33 No. 6-8 2015 The accessibility of the acid sites can be improved by forming a sulphonated resin layer on the surface of a porous inorganic support (Corain et al. 2001; Hoffmann et al. 2006; Wan et al. 2007) . In this study, this type of sulphonated resin is referred to as 'loaded resin' (LR). The structure of various types of sulphonated resins and localization of acid sites are schematically presented in Figure 1 .
⎯ → ⎯ ⎯ ⎯ ⎯ ⎯
The purpose of this work was to study the effect of the morphology of commercial bulk and loaded sulphonated resins on their acidity and catalytic behaviour in ETBE synthesis. To establish a quantitative relation between morphology, physicochemical and catalytic properties of sulphonated resins, fractal dimension was used as a quantitative characteristic of structure heterogeneity.
EXPERIMENTAL ANALYSIS
The materials used in this study included sulphonated resins of different types-commercial bulk sulphonated resins, including gel-type KU-2-8 (Ltd. 'Azot', Cherkassy, Ukraine), macroreticular Amberlyst 15 ('Rohm and Haas', USA) and loaded sulphonated resin marked as LR, which is prepared by co-polymerization of styrene-divinylbenzene (1.5 wt.%) in the presence of commercial wide-pore silica gel KSK ('ChromAnalyt', Russia) with further sulphonation by treatment with concentrated H 2 SO 4 (Vlasenko et al. 2009 ).
Single-point BET surface area of solids was obtained by nitrogen adsorption at -196 °C using a Gazometer GKh-1 ('Khromatograph', Russia). The morphology of catalysts was examined by AFM using a scanning probe microscope (NanoScope IIIa, Digital Instruments). The AFM measurements were performed at room temperature in the intermittent contact mode (tapping mode) using silicon probes with a nominal tip radius of 10 nm. To analyze the structure of polymer surface layer, we chose homogeneous, horizontally disposed flat portions of the granules.
The acidic properties of solids were determined by quasi-equilibrium thermal desorption of ammonia using a vacuum unit with quartz balances of the McBain type, which measures the amount of NH 3 adsorbed in the quasi-equilibrium mode (Vlasenko et al. 2009 ). The instrument provides information about thermal desorption of ammonia when the adsorption system reaches equilibrium at each step. Before measurements, a sample was evacuated at 150 °C until constant weight is achieved (typically 1 hour). The temperature was then lowered to 30 °C and ammonia was stepwise added to this sample (10-20 Torr) until no change of weight was observed. The temperature was increased stepwise (5 °C/minute between steps, step size 20 °C) and a constant temperature at each step was maintained until the sample weight becomes constant (typically 15-25 minutes). Total concentration of the acid sites (acid capacity) was determined as a quantity of ammonia adsorbed on a surface of sample at 50 °C.
The catalytic properties of solids were studied in a flow reactor with fixed bed. Catalyst loading was 1.5 cm 3 , grain size was 1-2 mm and mass of catalyst was approximately 0.5 g. The ethanolto-isobutylene molar ratio was 1.5 and the liquid hour space velocity was 1 1/hour. The carrier gas used was helium. Ethanol was used as an azeotropic mixture of C 2 H 5 OH with 4.43 wt.% H 2 O. The pressure was maintained constant at 1.0 MPa. Studies were performed in the range of 80-180 °C. Reaction products were analyzed using the gas chromatograph Agat ('Mashpriborkomplekt', Russia) equipped with a Chromaton N-AW column with 10% Carbowax 600 (3 mm i.d., 2 m length) and a thermal conductivity detector (Vlasenko et al. 2009 ). 15 contains visible macropores. On the surface of LR-1.5, which is the KSK silica gel coated with 1.5% polymer, surface of support has small inclusions of the sulphonated resin phase. The quantitative estimation of surface morphology was performed in terms of the fractal geometry. The fractal dimension (D F ) of the samples [equation (2)] was calculated by analyzing their numerical AFM images with the cubes counting method (Zahn and Zösch 1999) with an analytical software package (Snopok et al. 1999 ).
RESULTS AND DISCUSSION

Morphology of Various Types of Sulphonated Resins
( 2) where N(ε) is the minimum number of cubes needed to cover the object and ε is the linear dimension edge of cubes.
Physicochemical Properties
The physicochemical properties of sulphonated resins of different morphologies and the corresponding fractal dimensions are listed in Table 1 . Some characteristics of the KSK silica gel (mineral support) are also presented.
The change in the morphology of sulphonated resins had an impact on the specific surface area: for the macroporous Amberlyst 15, the specific surface area is an order of magnitude higher than that for the gel-type KU-2-8. The high surface area of loaded sulphonated resins LR-1.5 is determined using the wide-pore silica gel KSK, which acts as the support. The acid capacity of sulphonated resins decreases in a following sequence: Amberlyst 15 > KU-2-8 > LR 1.5. The high acidity of macroporous Amberlyst 15, compared with gel-type KU-2-8, can be attributed to the differences in the conditions of sulphonation. It is easier for the sulphonating agent to penetrate into the macroporous matrix than into a gel. Relatively low acid capacity for LR-1.5 is explained by the lowest content of the polymer phase, which undergoes sulphonation. The fractal dimension of sulphonated resins decreases in the following sequence: KU-2-8 > Amberlyst 15 > LR 1.5. The decrease in the fractal dimension in this sequence indicates proper structural organization. The fractal dimension of sulphonated resins is significantly lower than the original support KSK (Table 1) . Thus, loaded polymer induces streamlining of the silica gel structure. Vlasenko et al./Adsorption Science & Technology Vol. 33 No. 6-8 2015 Table 2 presents the main catalytic characteristics of sulphonated resins in ETBE synthesis, that is, the ETBE productivity/g of the catalyst and TOF (the turnover frequency of reaction representing the quantity of ETBE formed in a second on one acid site). According to the acid capacity values listed in Table 1 , it is expected that the highest productivity is achieved for Amberlyst 15, with LR-1.5 having the lowest. Actually, for sulphonated resins of various morphological types, there is no correlation between catalytic activity and concentration of the acid sites: despite significantly lower acidity, loaded sulphonated resins has 1.5 times more productivity than gel-type resins.
Catalytic Properties
The activity of a single acid site characterizes TOF. Because sulphonated resins have acid sites of the same nature, it can be expected that their TOF will be the same. However, this is not the case; for example, the TOF of a macroreticular sulphonic resin is higher than that of gel-type resin, but lower than loaded resins.
Differences in the TOF values are explained by the fact that observed values are effective, and actually reflect completeness of use of the acid sites in catalysis. Deviations from the true values can occur due to incomplete participation of the acid sites in the catalytic act (if the part of them is inaccessible for reagents) or diffusion affecting the observed reaction rate. However, the morphology of catalyst plays a crucial role in this regard, which determines the accessibility of the acid sites.
If this assumption is correct, there should be a relation between TOF values and the fractal dimension of catalysts, which is a quantitative measure of surface heterogeneity. Our result confirms this correlation (Figure 3) .
Our results show that TOF for a macroreticular resin is higher than that of a gel-type resin. The higher TOF for loaded sulphonated cation-exchange resin reflects the influence of morphology of these resins, as evidenced by a lower fractal dimension. The differences in observed TOF are due to variations in the accessibilities of acid sites. Catalysts with more ordered structure (characterized by smaller fractal dimension) provide the best conditions for the adsorption-desorption of reactants and products, and thus, large values of TOF. Therefore, change in TOF of ETBE synthesis using sulphonated resins as catalyst is caused by the geometrical heterogeneity of catalysts, which is reflected as the change of fractal dimension.
CONCLUSION
• The catalytic activity of acid sites of sulphonated resins of different morphological types differs considerably, despite the identical nature of these sites. • There is no direct correlation between the catalytic activity of various types of sulphonated resins and the concentration of acid sites, owing to the contribution of morphological factor. • The influence of morphological factor on catalytic properties of sulphonic resins of various types lies in the variation in the accessibility to acid sites. • Higher TOF of loaded sulphonic resin correlates with lower fractal dimension, which quantitatively characterized the heterogeneity of the structure. • Catalysts with more ordered structure (characterized by smaller fractal dimension) provide the best conditions for the adsorption-desorption of reactants and products, and thus, large values of TOF. 
